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Abstract 
The energy needed for amine based CO2 capture from a natural gas power plant can be provided in 
several ways, one possibility is to use steam from the low-pressure steam cycle at a reduction in the 
power plants efficiency. Alternatively an external energy plant dedicated to providing energy for the 
CO2capture can be built. The fuel used will be of interest since the CO2 in the flue gas from this 
plant should and probably must be captured. Natural gas, coal and biomass can be used as fuel in 
the energy plant. The use of biomass is interesting because of carbon neutrality. Capture is hence 
not necessary, and this gives flexibility to the CO2 capture plant. A concept combining a natural gas 
power plant and CO2 capture where the energy needed is provided by an external energy plant 
based on biomass is investigated. An assumed location in Porsgrunn, Norway is used as a basis. The 
concept is compared to alternative solutions through estimations of capital and operating cost. A 
condition that is put on the estimations of the operational cost is that for every tonne of CO2 
released to the atmosphere, which is not bio based, a CO2 quota must be bought, and for every 
tonne of bio based CO2 captured the value of a CO2 quota is rewarded. The concept proposed is 
found to be the most expensive alternative with the initial specified conditions. A sensitivity 
analysis is performed where different scenarios for the following are varied, CO2 quota price, 
natural gas price and biomass price. Scenarios that include an increased CO2 quota price favor the 
proposed concept.  
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
According to the United Nations Intergovernmental Panel on Climate Change (IPCC), [1], CO2 
emissions must by 2050 be reduced significantly, at least by 50% compared to 2000 levels, in order 
to limit the average long-term global temperature increase. Implementation of carbon capture and 
storage (CCS) on power plants and industry will have to account for a significant portion of this 
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reduction together with other measures, such as energy optimization and increased share of 
renewable energy. The CO2 capture process, regardless of technology, is energy intensive. Most 
easily a natural gas fired power plant would extract the energy needed for CO2 capture from the 
low-pressure turbine, resulting in efficiency loss and reduced electricity output. An alternative is to 
build an external energy plant to supply the capture process. The possibility of using biomass for 
this purpose is investigated. Biomass utilization in Norway has a potential, but there are also 
challenges linked to local availability, efficient extraction and transport.  
A large chip-fired energy plant in Denmark shows that this concept is feasible if the conditions 
are right [2]. It is important to be aware of that the framework for this plant differs from the 
proposed concept. The differences relate primarily to the utilization of district heating. Prices for 
energy are higher in Denmark, compared to Norway, and in the vicinity of this plant in Denmark 
there are large quantities of cheap fuel in the form of logging residue. This is scarcely used in 
Norway today and therefore it is necessary to establish a harvest chain if this is to be utilized.  
 
 
2. Concept 
This bio-energy concept can in a unique way provide efficient steam production from a low value 
fuel. A steam boiler fired with wooden chips can reach efficiencies up to 90%, and the option of 
simultaneous capture of CO2 from this biomass combustion can be selected. Thus, atmospheric CO2 
bound through photosynthesis, and subsequent energy utilization, can be brought to secure 
underground storage, along with fossil CO2. The CO2 emitted from burning of bio fuel is defined as 
being neutral and therefore not considered for capture; this may change in the future. Capture of 
biomass CO2 could mean that the CO2 capture efficiency could exceed 100%. This concept can 
ensure that a gas power plant would give a net CO2 gain.  
A case study is performed to determine if the concept is technically feasible, to identify critical 
areas and to estimate capital and operational cost of the concept. A sensitivity analysis and 
comparison with alternative solutions is also performed to determine if the concept is economically 
viable. The “normal” combination of a gas fired power plant with CO2 capture and the proposed 
concept is illustrated in Figure 1a and 1b respectively.   
 
a) b) 
Figure 1. Illustration of a a) conventional gas fired power plant with CO2 capture and b) the 
proposed concept.  
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3. Process 
3.1 Process description 
The gas fired case study power plant is a 400 MWel NGCC (natural gas combined cycle) plant. 
The MEA (monoethanolamine) based post-combustion technology is used for the CO2 capture 
plant. The bioenergy plant is based on a powder firing technology. The reason for this is that the 
fuel is dry, which reduces operating problems. A criterion is to have an energy plant that can 
operate for 8000 hours a year with minimal problems. Another advantage is that co-firing with gas 
is possible, which introduces an additional element of flexibility. The base case bioenergy plant 
consists of receiving and storage facilities for timber and logging residue, a combination of mills 
and drying equipment and finally a powder burner and auxiliary equipment. Before the flue gas 
from the bioenergy plant enters the CO2 capture plant, particles are removed in an electro filter. A 
process diagram of the total concept is shown in Figure 2. 
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Figure 2. Process diagram. 
 
3.2 Process calculations 
Regeneration of amine solution in a CO2 capture plant requires energy in the form of low-
pressure steam, 3 bar, at approximately 130°C. The steam could be produced at higher pressure and 
temperature and then expanded to the desired pressure in steam turbines for operation of the CO2 
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compressor and large fans. Production of steam in a boiler by burning fossil or bio fuel produces 
CO2, which should be captured to provide CO2 emissions as low as possible. Material balances for 
drying of wood chips, grinding and firing the dry powder was established. A total capacity of 400 
tonnes of steam per hour by incinerating 70 tonnes of dry wood/hour was selected. 
 
The actual amount of steam needed is uncertain due to the following,  
 The capture rate of CO2 in the flue gas. About 85 % is expected for amine capture processes. 
o The energy need in the CO2 capture plant. The energy need is foreseen to be in the range 
of 1 to 2 tonne low pressure steam/tonne CO2. Reduction of this high energy consumption 
rate is continuously optimized and will depend on the capture plant technology. In this 
article a value of 1.5 is used. 
 The composition and calorific value of wood material.  
 Degree of energy optimization and utilization of low value heat (district heating).  
 
A disadvantage of wood as fuel, compared with, for example, natural gas, is that the amount of 
CO2 per. energy unit is much higher. This means that more CO2 is generated and consequently more 
steam is required for regeneration in the capture plant. The relationship between the calorific value 
of natural gas and wood can be illustrated by the following figures. 
 Natural Gas: ~ 200 kg CO2/MWh (lower heating value, LHV) 
 Wood: ~ 350 kg CO2/MWh (LHV) 
 
 
4. Cost estimation and sensitivity analysis 
The capital cost and operational cost are estimated for all of the cases described below. The NGCC 
power plant, 400 MWel, and the CO2 capture plant technology is the same for all cases, post-
combustion MEA process. The energy plant technology will vary when included and will provide 
energy for regeneration of MEA and operation of fans and a compressor associated with the capture 
plant if not otherwise stated. The main differences between the cases are summarized in Table 1. 
 Base case – NGCC with capture and energy from bioenergy plant. This is the concept 
described in Chapter 3. The energy plant produces the energy needed for drying of the 
biomass prior to incineration, as well as the energy needed in the capture plant. The green 
CO2 from the energy plant is captured. 
 Case one – NGCC without capture. This is a standard NGCC with a flue gas boiler and 
steam turbines. 
 Case two – NGCC with capture and energy extracted from the power plant itself. The steam 
for amine regeneration is taken from the low-pressure steam cycle in the power plant. The 
mechanical energy for operating fans and a compressor is taken from the generated 
electricity, at a loss of efficiency.  
 Case three – NGCC with CO2 capture and energy from a natural gas fired energy plant. The 
CO2 from the energy plant is removed in the capture plant.  
 Case four – NGCC with capture and energy from bioenergy plant, energy for drying of 
biomass is not included. The energy plant is fired with biomass, but the biomass is dried by 
waste heat from the gas power plant and not with energy from the energy plant. The green 
CO2 from the energy plant is captured. 
 Case five –NGCC with capture, 100% of the CO2 produced in the gas power plant is 
captured. The energy plant provides energy for drying of biomass in addition to the energy 
needed for capture. Only a small amount of CO2 produced in the bioenergy plant is 
captured. 
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 Case six – NGCC with capture and bioenergy plant based on wet biomass. No separate 
drying or grinding is included. A circulating fluidized bed (CFB) burner is used and fired 
with wet fuel chips. The green CO2 from the energy plant is captured. 
 
Table 1. Summary of the cases. 
 Base case Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 
Gas power plant NGCC NGCC NGCC NGCC NGCC NGCC NGCC 
CO2 capture power 
plant 
Yes No Yes Yes Yes Yes Yes 
Energy for CO2 
capture 
Energy 
plant 
No 
Steam 
cycle 
NGCC 
Energy 
plant 
Energy 
plant 
Energy 
plant 
Energy 
plant 
Fuel for energy plant Bio - - 
Natural 
gas 
Bio Bio Bio 
Drying of bio fuel Yes - - - No Yes Yes 
CO2 from energy plant Capture - - Capture Capture Capture Capture 
Compressor and fans Steam - Electricity Steam Steam Steam Steam 
 
4.1 Cost estimation 
Several assumptions are made in the cost estimation. The energy plant provides energy in the 
form of steam at about 3 bar and 130°C. This steam is used for regeneration of MEA in the 
desorber, for flue gas fans and for CO2 compression. The energy need for CO2 regeneration of MEA 
is set to 1.5 tonne steam/tonne captured CO2. The CO2 content in the biomass is set to 350 kg 
CO2/MWh. A CO2 capture rate of 85% is assumed.  
The price of the CO2 allowances plays an important part in the overall economics of the concept. 
It is assumed that the net green CO2 captured from the atmosphere is compensated with the price of 
CO2 quotas. The value of a CO2 quota is set to €19 (the quota price at the time of the study, 
December 2008). The cost of biomass is set to 47 €/m3s (solid cubic meters). The plant is not site 
specific, but a location in Porsgrunn, Norway, is used as a basis. The type of cost estimation used 
usually gives an accuracy of ± 35%. 
 
An equipment list is prepared for each case and is used as a basis for the investment cost 
estimations. The investment cost is presented in Table 2.   
 
Table 2. The estimated investment cost in million Euros (December 2008).  
Base case Case one Case two Case three Case four Case five Case six 
Gas power plant 239 239 239 239 239 239 239 
Absorption 37 37 37 37 37 37 
Desorption 99 52 71 89 83 99 
Compression 68 36 48 61 57 68 
Energy plant 85 29 72 61 59 
Total investment 528 239 364 424 498 477 502 
Off which the capture 
and energy plant 
constitute 289 125 185 259 238 263 
 
From the table above it can be observed that the case with the highest investment cost is the base 
case. The reason for this is that drying of biomass is energy demanding, an increased energy 
demand increases the CO2 production and consequently the size of the capture plant. The base case 
estimated is closely followed by case six which has approximately the same energy need. Wet 
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biomass is dried in the boiler instead of in a separate drier, but the same amount of fuel is needed. 
Case one has the lowest investment cost of all cases, but this case does not include capture of CO2. 
The solution that includes CO2 capture with the lowest investment cost is case two; here the energy 
needed for capture is taken from the steam cycle in the gas power plant. Of the cases with an 
external energy plant, the case and has the lowest investment cost is case three, where the energy 
plant is natural gas fired.  
The operational cost includes the cost of fuel, utilities, chemicals, maintenance and staff, 
associated with the running of a MEA based CO2 capture plant and an external energy plant (when 
included). The operational cost associated with the gas power plant is not included. The cost of a 
CO2 quota is added to or subtracted from the operational cost based on the amount of CO2 captured 
in each defined case. If more than 100% of the CO2 amount produced in the gas power plant is 
captured it is subtracted from the annual cost. If less is than 100% is captured it is added to the 
annual cost. It is assumed that the annual uptime is 8000 hours and that the rate of return is 7.5%. 
The estimated annual operating cost is presented in Table 3.  
 
Table 3. The estimated annual operating cost in million Euros (December 2008). 
Base case Case one Case two Case three Case four Case five Case six 
Energy cost 72 11 31 57 45 72 
Utility cost 4 2 3 4 2 4 
CO2 quota cost -12 18 3 3 -8 0 -12 
Fixed cost 64 18 16 37 52 48 64 
Variable cost 12 5 8 11 10 11 
Total cost 76 18 21 45 63 58 75 
 
The estimates in the table above show that the base case has the highest annual operating cost, 
closely followed by case six. The least costly solutions are case one and case two. Here case one is 
a gas power plant without CO2 capture, CO2 emission quotas are bought to cover the emissions. In 
case two a capture plant is included and the energy needed is supplied by the power plant itself, but 
the loss of efficiency due to capture is accounted for. It is important to note that for the cases where 
more than 100% of the CO2 emissions from the gas power plant are captured, receive compensation 
for the extra CO2 captured, hence the minus under CO2 quota cost in Table 3. These estimates are 
only valid for the specified assumptions above. Changes in the assumptions might change the 
outcome. Possible scenarios are estimated in the following sensitivity analysis. 
 
4.2 Sensitivity analysis 
In the sensitivity analysis different scenarios for three factors, CO2 quota price, gas price and 
biomass price, are included. The scenarios are presented in Table 4 and the results are shown in 
Figure 3. The results are shown as the price of electricity from the gas power plant in Euro 
Cent/kWh.  
The sensitivity analysis shows that the CO2 quota price is an important factor. Low prices favour 
plants without capture, while high prices favour plants that can obtain a capture rate above 100% of 
the emission from the natural gas fired power plant. High biomass prices will have a negative 
influence on the proposed concept as expected and even high CO2 quota prices might not be enough 
to justify capture based on bioenergy. A high gas price favours plants that are not reliant on gas for 
energy production for CO2 capture.  
 
An aspect of the concept that must be taken into consideration is that the CO2 captured comes 
from a power plant. Since power plants are not subjected to the same challenges in regard to carbon 
leakage as industry, the cost could be transferred to the consumers. This concept might be 
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environmentally sound, due to its high potential for capture and storage of large amounts of CO2, 
even if it is not economical, if sustainable forestry is ensured.  
 
Table 4. Scenario input specifications.  
Scenario 1 Scenario 2 Scenario 3 Scenario 4 
CO2 quota price (Euro/tonne) 20.14 80.57 80.57 50.35 
Gas price (Euro/Sm
3
) 0.15 0.15 0.25 0.25 
Biomass price (Euro/m
3
s) 40.28 40.28 40.28 60.43 
 
 
Figure 3. The result from the sensitivity analysis is presented as the cost of electricity from the 
power plant in Euro Cent/kWh.  
 
 
5. Discussion and conclusion 
The concept is found to be technically feasible and no showstoppers are identified. Some 
practical challenges must be solved, the main one is developing an efficient infrastructure for 
timber/biomass transport and handling. Calculations showed that the energy plant needed 
approximately 70 tones of dry biomass powder per hour, which corresponds to several truck loads 
every hour. Even though the concept is technically feasible some aspects should be mentioned. 
Burning biomass produces more CO2 compared to burning of natural gas since the CO2 content in 
the former is comparatively high per unit energy. A relatively large quantity of biomass is needed 
and sufficient amounts must be made available for the duration of the plant’s lifetime, thus security 
of supply is essential. 
 
The conclusion of the case study is that while the concept is technically feasible the economics 
are less favourable. The economics of the concept is especially dependent on the price of the CO2 
quotas. An economic comparison between the concept and several other technology solutions is 
performed. The comparison includes a biomass energy plant based on a circulating fluidized bed 
furnace (wet biomass and no pre-drying), a gas fired energy plant and steam from the low-pressure 
cycle of the NGCC (no external energy plant). Finally a sensitivity analysis is performed by varying 
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several parameters. The concept is found to be economically feasible under certain conditions, low 
biomass cost and high CO2 quota cost.    
Further work on the concept should move in the direction of further case studies in cooperation 
with power intensive industry, for instance cement production. CO2 capture from this industry may 
include an external energy plant because of little or no excess energy available.  
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